Chromatin remodelers can either organize or disrupt nucleosomal arrays, yet the mechanisms specifying these opposing actions are not clear. Here, we show that the outcome of nucleosome sliding by Chd1 changes dramatically depending on how the chromatin remodeler is targeted to nucleosomes. Using a Chd1-streptavidin fusion remodeler, we found that targeting via biotinylated DNA resulted in directional sliding towards the recruitment site, whereas targeting via biotinylated histones produced a distribution of nucleosome positions. Remarkably, the fusion remodeler shifted nucleosomes with biotinylated histones up to 50 bp off the ends of DNA and was capable of reducing negative supercoiling of plasmids containing biotinylated chromatin, similar to remodelling characteristics observed for SWI/ SNF-type remodelers. These data suggest that forming a stable attachment to nucleosomes via histones, and thus lacking sensitivity to extranucleosomal DNA, seems to be sufficient for allowing a chromatin remodeler to possess SWI/SNF-like disruptive properties.
INTRODUCTION
Nucleosomes, the basic chromatin packaging unit in eukaryotes, block ready access to genomic DNA. Thus, nucleosome placement, organization and occupancy impact the ability of cellular machinery to carry out basic processes, such as DNA replication, recombination, repair and gene transcription (1) (2) (3) . Nucleosomes are actively and dynamically reorganized by several subfamilies of adenosine triphosphate (ATP)-driven machines called chromatin remodelers. Although all remodelers share a common highly conserved ATPase motor, each subfamily is found with a unique collection of auxiliary domains and subunits that seem to confer distinct biochemical activities (4, 5) . SWI/SNF-type remodelers, which often participate in activating gene transcription, have been shown to promote nucleosome disassembly both in vitro and in vivo (6) (7) (8) (9) (10) (11) (12) . Chd1 and Iswi-type remodelers, in contrast, promote nucleosome assembly and help establish and maintain regularly spaced nucleosome arrays (13) (14) (15) .
Although differing in the outcome of their remodelling reactions, these three subfamilies of remodelers share the ability to reposition or 'slide' nucleosomes along DNA. Consistent with their propensity for disorganizing nucleosomal arrays, SWI/SNF-type remodelers can slide nucleosomes irrespective of extranucleosomal DNA, resulting in histone octamers moving off the ends of DNA in vitro (16, 17) . Such movement of mononucleosomes off DNA ends exposes part of the histone core and may underlie the characteristic abilities of SWI/SNF-type remodelers to reorganize mononucleosomes into non-covalent dimers, promote histone exchange with free DNA and other nucleosomes in trans and destabilize the histone core (6, (18) (19) (20) . On polynucleosome templates, SWI/SNF-type remodelers can slide nucleosomes into territories of neighbouring nucleosomes, and this activity has been proposed to be a primary means for unwrapping and disassembling histones from DNA (7) . By partially unwrapping neighbouring nucleosomes, collisions between nucleosomes are believed to give rise to dinucleosome-like assemblies called altosomes, which have altered DNA accessibility and reduced negative writhe of DNA associated with canonical nucleosomal wrapping (21) (22) (23) .
Chd1 and Iswi-type remodelers differ dramatically from SWI/SNF-type remodelers, with their sliding activities strongly dependent on the length of DNA flanking the nucleosome. Instead of moving mononucleosomes off the ends of DNA, Chd1 and most Iswi-type remodelers preferentially move nucleosomes away from DNA ends, which results in centring mononucleosomes on short DNA fragments (24) (25) (26) (27) . The sensitivity of Chd1 and Iswi-type remodelers for DNA flanking the nucleosome (called extranucleosomal DNA) seems to arise from a similar DNA-binding domain located just C-terminal to the ATPase motor. The DNA-binding domains for Chd1 and Iswi both consist of SANT and SLIDE domains that interact with DNA in a sequence-non-specific fashion (28) (29) (30) (31) (32) . These DNA-binding domains preferentially interact with extranucleosomal DNA, and, in a manner that is not presently understood, bias the remodeler to shift the histone core towards longer stretches of available DNA (25) (26) (27) . For Chd1, we previously demonstrated that the native DNA-binding domain is not required for nucleosome sliding and can be functionally substituted with foreign sequence-specific DNA-binding domains (33) . These fusion Chd1 remodelers were found to slide nucleosomes directionally, suggesting that a primary function of the DNA-binding domain is to tether the rest of the remodeler to the nucleosome substrate. An important question raised by these experiments was how much the dependence on binding to extranucleosomal DNA influenced the outcome of the nucleosome sliding reaction.
Here, we show that changing the manner in which the Chd1 remodeler is tethered to nucleosomes dramatically alters the extent and direction that nucleosomes are shifted. We have substituted the native Chd1 DNAbinding domain with monomeric streptavidin, which allows the remodeler to be tethered to nucleosomes via either biotinylated extranucleosomal DNA or biotinylated histones. Targeting Chd1-streptavidin to nucleosomes with biotinylated DNA resulted in directional movement of nucleosomes onto the target site, resembling sliding previously observed with foreign DNA-binding domains (33) . In contrast, targeting Chd1-streptavidin using biotinylated histones resulted in bi-directional movement and allowed the remodeler to move nucleosomes up to 50 bp off the ends of the DNA. Similar to RSC, the fusion remodeler disrupted histone octamers from dinucleosome substrates. On plasmids containing pre-assembled chromatin, Chd1-streptavidin reduced negative supercoiling of chromatinized plasmids in a biotin-dependent manner. The disrupted chromatin slowly regained some negative supercoiling over time, resembling the characteristics of altosomes created by SWI/SNF (21) . These findings demonstrate how a non-ATPase domain can direct the outcome of a nucleosome sliding reaction without specific interactions with the rest of the remodeler.
MATERIALS AND METHODS

Production of biochemical reagents
The Chd1-monostreptavidin remodeler (called Chd1[ÁDBD/+mSA]) contained residues 13-140 of streptavidin fused to the C-terminus of a Saccharomyces cerevisiae Chd1 construct lacking the DNA-binding domain (residues 118-1014). The streptavidin clone (kindly provided by Matthew Levy) contained five amino acid changes that favour a soluble monomeric form of streptavidin (V55T, T76R, L109T, W120G and V125R), as well as S52G and R53S (34, 35) . The Chd1 construct containing the native DNA-binding domain (residues 118-1274, called Chd1 ÁNC to indicate N-and C-terminal truncations) possessed the three signature Chd-family motifs (double chromodomains, ATPase motor and DNA-binding domain) and has been shown to slide and preferentially centre mononucleosomes (33, 36) . Both Chd1[ÁDBD/+mSA] and Chd1 ÁNC proteins were expressed recombinantly in Escherichia coli BL21 (DE3) (star) cells using autoinduction methods (37) and purified as previously described for Chd1 ÁNC (36) . RSC was purified from yeast strain BCY211 using a TAP-tag protocol targeting Rsc2 as previously described (38, 39) .
Xenopus laevis histone proteins were expressed, purified and refolded into octamers as previously described (40, 41) . For generating histone-biotinylated nucleosomes, cysteine variants for histone H2A (T120C) and H3 (A21C; C110A) were labelled with biotin-maleimide (Sigma) following procedures described for fluorescent labelling of histones (42) . Nucleosomal DNA contained the 145-bp Widom 601 positioning sequence for mononucleosomes and the 601 and 603 positioning sequences for dinucleosomes (43) . DNA fragments were generated by polymerase chain reaction using fluorescently labelled primers (Integrated DNA Technologies, IDT). Biotinylated DNA was generated by polymerase chain reaction, amplifying the desired DNA construct using primers synthesized with biotin-dT or 5 0 -end labelled biotin (IDT). Fluorescently labelled DNAs were purified by native polyacrylamide gel electrophoresis (PAGE) and reconstituted into nucleosomes by mixing 1:1 (or other ratios as indicated) with histone octamers in 2 M KCl and removing salt by gradient dialysis as described (40, 41) . After reconstitution, all mono-and dinucleosomes were purified by native PAGE using a mini-prep cell apparatus (Bio-Rad). For chromatinized plasmids, histones were salt (NaCl) gradient dialysed with pJ201(34 Â 601), a 10-kb plasmid containing 34 copies of 601 in 208-bp repeats, or with pGEM601, a 3-kb plasmid with one 601 sequence, in different octamer:DNA ratios (0.1:1.0-1.3:1.0). Considering one histone octamer to 200-bp DNA to be 1:1, optimal saturation was achieved with a DNA:histone ratio of 1:1.2 following the procedures of Routh and Rhodes (44) .
Nucleosome sliding and binding reactions
Nucleosome sliding reactions were performed either at room temperature (Chd1) or 30 C (RSC) in sliding buffer [50 mM KCl, 2.5 mM ATP, 5 mM MgCl 2 , 20 mM Tris-HCl (pH 7.6), 0.1 mM ethylenediaminetetraacetic acid (EDTA), 5% sucrose, 0.1 mg/ml bovine serum albumin (BSA) and 5 mM dithiothreitol (DTT)] as previously described (36) . Aliquots of nucleosome sliding reactions (2 ml) were quenched at the indicated times by adding 6 ml of stop solution, which contained 2 mg/ml of 601 array plasmid, 1 mM biotin and 5 mM EDTA. Sliding reactions with dinucleosomes additionally contained 100 ng/ ml of salmon sperm carrier DNA, which was necessary to visualize the mononucleosome-sized products. Nucleosome binding reactions were performed equivalently to sliding reactions, except that stop solutions were omitted. Nucleosome species were separated by native acrylamide electrophoresis (5% acrylamide for dinucleosomes, 7% for mononucleosomes, each with 60:1 acrylamide to bis-acrylamide and run in 0.25 Â TBE at 150 V for 2-2.5 h), detected by fluorescence using a Typhoon 9410 variable mode imager (GE Healthcare) and analyzed by ImageJ (http://imagej.nih. gov/ij/). All binding and sliding reactions are representative of three or more experiments carried out under similar conditions.
Nucleosome mapping reactions
Nucleosome mapping was performed by labelling histone H2B Cys53 with p-azidophenacyl bromide (APB) following previously established protocols (45, 46) . APB labelling was performed before or after nucleosome repositioning with similar results. After incubation with or without remodelers, APB-labelled nucleosomes were ultraviolet (UV) irradiated to form DNA cross-links, heat-and NaOH-treated to resolve cross-links into DNA nicks and then separated on 8% polyacrylamide (19:1), 8 M urea sequencing gels run at 65 W. Fluorescent DNA was visualized using Typhoon 9410 variable mode imager and ImageJ (http://imagej.nih.gov/ij/), with each nicked position indicative of histone octamer placement on DNA.
Restriction enzyme digestion
Restriction digests using HhaI were carried out using the pJ201 (34 Â 601) plasmid pre-assembled with nucleosomes as previously described. Chd1 ÁNC or Chd1[ÁDBD/+mSA] (100 nM) was mixed with the equivalent of 5 nM chromatinized plasmid in buffer 4+0.1 mg/ml BSA (New England Biolabs) and incubated for 10 min at 23 C in the presence or absence of 2.5 mM ATP and 5 mM MgCl 2 as indicated. One unit of HhaI enzyme was then added and allowed to digest for additional time as indicated at 23 C with continued nucleosome sliding. Restriction digest and sliding reactions (50 ml) were stopped with the addition of 10 ml of stop solution (0.5 M EDTA, 1 mg/ml RNase), 100 ml of Glycogen stop buffer (20 mM EDTA, 0.2 M NaCl, 1% sodium dodecyl sulphate and 0.25 mg/ml of glycogen) and 5 ml of Proteinase K (2.5 mg/ml), incubated at 37 C for 30 min, and then DNA purified with phenol:chloroform extraction. After precipitation with ammonium acetate and isopropanol, DNA samples were visualized on 1.4% agarose gels stained with ethidium bromide.
Supercoiling assays
Chd1 ÁNC (100 nM), Chd1[ÁDBD/+mSA] (100 nM) or Chd1[ÁDBD] (10 mM) were mixed with the equivalent of 5 nM chromatinized plasmid (1.2:1.0 histone:DNA ratio) in buffer containing 50 mM Tris-HCl (pH 7.8), 50 mM KCl, 10 mM MgCl 2 , 0.1 mM EDTA, 0.1 mg/ml BSA and 1 mM DTT. Reactions (45 ml) were then mixed with 5 ml of Drosophila melanogaster topoisomerase I (3.4 mg/ml) and incubated for the indicated times at 28 C. Where indicated, ATP was present at 2.5 mM. For Chd1[ÁDBD/+mSA] samples, reactions were stopped with 10 mM biotin and were either allowed additional time for supercoiling reversion at 28 C, or were immediately quenched with Glycogen stop buffer and Proteinase K and processed as previously described for HhaI reactions. For 1D gels, duplicate samples were applied on two 15 Â 15 cm 0.8% agarose gels with or without 2 mg/ml of chloroquine in both the gel and running buffer (1 Â TBE). Gels were run at 100 V (3.3 V/cm) for 4 h and then stained with 1 mg/ml of ethidium bromide for 15 min, destained 5 min in water and visualized in UV. For 2D gels, samples were loaded into round wells on 15 Â 15 cm 0.8% agarose gels made with 1 Â TBE and run at 100 V (3.3 V.cm) for 2 h in 1 Â TBE without chloroquine. The gels were, subsequently, soaked in running buffer containing 2 mg/ml of chloroquine for 2 h before running in the second dimension (rotation by 90 ) again for 2 h at 100 V with 2 mg/ml of chloroquine in 1 Â TBE running buffer. Gels were then stained with 1 mg/ml of ethidium bromide for 15 min, destained 5 min in water and visualized in UV.
RESULTS AND DISCUSSION
The native Chd1 DNA-binding domain can be functionally replaced by monomeric streptavidin Our previous studies on Chd1 fusion remodelers showed that foreign DNA-binding domains could promote rapid nucleosome sliding by targeting high-affinity sequences on extranucleosomal DNA (33) . To further investigate how the nature and location of nucleosome attachment may influence the chromatin remodelling reaction, we designed a Chd1-streptavidin fusion remodeler. We hypothesized that tethering Chd1 through a streptavidin-biotin linkage, if positioned properly, should be able to substitute for attachment of a DNA-binding domain to extranucleosomal DNA. A monomeric form of streptavidin (mSA) (34, 35) was used to replace the native Chd1 DNA-binding domain (DBD), generating a fusion remodeler hereafter called Chd1[ÁDBD/+mSA].
To test this fusion remodeler, nucleosome sliding reactions were performed with centrally positioned mononucleosomes possessing or lacking biotin on extranucleosomal DNA ( Figure 1 ). As observed by native PAGE, non-biotinylated mononucleosomes failed to be repositioned by Chd1[ÁDBD/+mSA] in all but the highest concentration and longest time point, consistent with previous observations that truncated Chd1 proteins lacking the DBD are poorly associated with or stimulated by nucleosomes (lanes 1-10) (33). In contrast, mononucleosomes with biotin located +11 or +16 bp from the edge of the nucleosome were more readily repositioned (lanes [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Chd1[ÁDBD/+mSA] bound to the +28 (5 0 -biotinylated) nucleosomes in a biotin-dependent manner similarly to +11 and +16 biotinylated nucleosomes (Supplementary Figure S1 ), yet failed to significantly reposition the +28 nucleosomes except at the highest concentration and longest time point (lanes 31-40), indicating that biotin-dependent sliding was distance dependent. This distance dependence was consistent with previous observations of the Chd1[ÁDBD/+AraC] fusion remodeler, which showed a sharp drop in activity when the high-affinity binding site began !23 bp from the nucleosome edge (33) .
To determine the precise locations where nucleosomes were repositioned, we used the photoactivatable crosslinker APB at position 53 of histone H2B (45, 46) . For the 145-bp Widom 601 sequence, each APB-modified H2B-Cys53 creates a cross-link with one DNA strand, 18 nucleotides from the edge of the nucleosome ( Figure  2A ). For the +11 and +16 biotinylated 29 -N-30 nucleosomes, cross-links were initially observed 47 nucleotides from the 5 0 -FAM label, corresponding to 29 nucleotides of extranucleosomal DNA in addition to 18 nucleotides inside the edge of the nucleosome ( Figure 2B , lanes 1 and 4). As a control, these nucleosomes were also mapped after sliding with a Chd1 protein possessing the native DBD, called Chd1 ÁNC . Chd1 ÁNC preferentially centres mononucleosomes (33, 36) , and accordingly, the biotinylated nucleosomes showed a distribution about the initial centrally located position (lanes 3 and 6, open arrows). In contrast, Chd1[ÁDBD/+mSA] shifted the histone octamer towards the biotinylated sites, predominantly +19 and +31-35 bp from the starting position (lanes 2 and 5, shaded arrows). Biotinylation of extranucleosomal DNA, therefore, seemed to selectively promote directional sliding by Chd1[ÁDBD/+mSA] ( Figure 2C) .
A small population of +11 and +16 DNA-biotinylated nucleosomes were shifted +59-62 bp, which means that the histone octamer was moved 29-32 bp off the end of the DNA fragment. Movement of nucleosomes >10 bp off the ends of DNA has previously been observed for SWI/ SNF and RSC remodelers, but not for Chd1 or Iswi-type remodelers (6, 16, 17, 27) . For Chd1[ÁDBD/+mSA], we wondered whether the much smaller populations of nucleosomes shifted $30 bp off one DNA end reflected weaker biotin-streptavidin interactions after biotinylated sites were shifted onto the nucleosome.
To compare the relative affinities of Chd1[ÁDBD/ +mSA] with nucleosomes before and after sliding, the fusion remodeler was first incubated with DNAbiotinylated nucleosomes for 50 min in the presence of either ATPgS, which prevented sliding, or ATP, which allowed for sliding. After stopping the sliding reactions with EDTA, additional Chd1[ÁDBD/+mSA] was titrated into the reactions, and the levels of remodelernucleosome association were evaluated by native PAGE ( Figure  2D ). ATP-dependent remodelling of DNA-biotinylated nucleosomes produced several faster migrating bands. Comparison of these sliding products with 0-N-63 nucleosomes that were repositioned and mapped (Supplementary Figure S2) suggested that the fastest migrating bands were nucleosomes that had shifted off of DNA ends, and that the slightly slower migrating bands were end-positioned nucleosomes. For both the +11 and +16 nucleosomes, the end-positioned nucleosomes were super-shifted more poorly than the starting material, suggesting that the biotinylation sites were occluded by the nucleosome after sliding. This reduction in binding was more pronounced for +11 nucleosomes than +16 nucleosomes, which likely reflected differences in rotational phasing of the biotinylated site on the nucleosome. It is important to note that unlike the high affinity of wild-type, tetrameric streptavidin for biotin ( K D $10 À14 M) (47), the monomeric streptavidin variant has a much lower binding affinity (K D $10 À7 M) (34, 35) . This lower binding affinity explains the lack of super-shifted bands at 100 nM remodeler ( Figure 2D , lanes 9, 16, 23 and 30) and the smearing at higher concentrations.
An important question raised by these experiments was the extent to which changes in biotin accessibility influenced the distribution of remodelled nucleosome positions. That is, did the chromodomain/ATPase portion of Chd1 have the capability to robustly slide nucleosomes off DNA ends like SWI/SNF-type remodelers, but was effectively unable to do so because of reduced interactions with the substrate?
Targeting Chd1 to histones allows nucleosomes to be shifted up to 50 bp off of DNA ends that tethering the remodeler close to the nucleosome substrate was sufficient for promoting nucleosome sliding. To investigate whether interactions with extranucleosomal DNA could be dispensed with altogether, we generated nucleosomes that were biotinylated on histones. As biotinylated histones should remain exposed throughout the sliding reaction, these substrates were also expected to reveal how continued accessibility of the tether site influences the distribution of remodelled products.
Using biotin-maleimide, we labelled single cysteine residues introduced at amino acid position 120 of histone H2A or position 21 of histone H3 ( Figure 3A) . These biotinylated histones were separately used to make end-positioned 0-N-63 nucleosomes, and the ability of Chd1[ÁDBD/+mSA] to slide these nucleosomes was evaluated by native PAGE ( Figure 3B ). Chd1[ÁDBD/ +mSA] altered the migration of both H3-and H2A-biotinylated nucleosomes, but unlike nucleosomes with biotinylated DNA, the biotinylated nucleosomes produced somewhat smeary patterns with multiple bands when remodelled, suggesting that the histone octamer was repositioned across a range of locations. To more precisely determine the distribution of octamer positions, histone-DNA contact mapping was used ( Figure 3C ). Chd1 ÁNC , used as a control, showed directional sliding towards the middle of the DNA fragment: the initial histone-DNA cross-linking site at position 81 shifted +19 to +41 bp onto the extranucleosomal DNA ( Figure 3D , lanes 22 and 26). In contrast, sliding by Chd1[ÁDBD/+mSA] produced a broad range of octamer positions (lanes 24 and 27, shaded arrows). In addition to repositioning throughout the extranucleosomal DNA, the histone octamer also yielded significant cross-linking 99, 110 and 121/122 bp from the 5 0 -FAM label, corresponding to shifts of À18, À29 and À40/41 bp, respectively, off the '0' end of the DNA fragment ( Figure 3E ).
To further characterize the remodelled products, we performed large-scale sliding reactions with biotinylated H2A nucleosomes and purified the three major nucleosome species apparent by native PAGE (Supplementary Figure S2 ). Mapping these three species revealed that the nucleosomes that migrated the fastest by native PAGE corresponded to those that were shifted off the ends, which is consistent with what has been observed with nucleosomes remodelled by SWI/SNF and RSC (6, 7, 16, 17) . We were unable to conclusively determine whether nucleosomes that were shifted off DNA ends were partially disassembled (e.g. loss of one H2A/H2B dimer, or part of H3/H4 tetramer). However, as histone mapping requires the proper positioning of Cys53 of H2B, it is unlikely that partial disassembly alone accounts for the new cross-linked positions.
The lack of sliding directionality and the significant distribution of remodelled products off DNA ends suggested that attachment of Chd1[ÁDBD/+mSA] to nucleosomes via histones made the remodeler insensitive to extranucleosomal DNA. To further examine how sensitivity to extranucleosomal DNA affected the outcome of nucleosome sliding, Chd1[ÁDBD/+mSA] and Chd1 ÁNC remodelers were independently incubated with H2A-biotinylated nucleosomes made with a 147-bp DNA fragment (0-N-2; Figure 3F ). Under sliding conditions, no significant shifts in the cross-link location of 0-N-2 nucleosomes were observed compared with the starting material in the presence of Chd1 ÁNC , even up to micromolar concentrations of remodeler ( Figure 3G , lanes 29 and 32; data not shown). Although 0-N-2 nucleosomes effectively lack extranucleosomal DNA, these nucleosomes formed super-shifted complexes with Chd1 ÁNC by native PAGE (Supplementary Figure S3) , suggesting that the apparent lack of sliding was not because of an inability to bind. While these experiments only report that Chd1 ÁNC does not stably slide 0-N-2 nucleosomes to new positions, it is possible that nucleosomes are transiently repositioned away from the starting location and then back again. This situation may be similar to what has been reported for human ACF, where nucleosome sliding dynamically allowed access to a cleavage site that was occluded by a centrally positioned histone core while maintaining the majority of nucleosomes in a central location on DNA (26) .
In contrast to Chd1 ÁNC , Chd1[ÁDBD/+mSA] generated a range of new cross-linked products, all of which indicated that the histone octamer was shifted off the DNA ends ( Figure 3G, lanes 30 and 33) . The maximum distance that the nucleosomes were shifted off the DNA ends was 50 bp (+52 bp in the direction of the '2' side of 0-N-2 nucleosomes; Figure 3H ). This approximately equals the maximum distance that nucleosomes can be shifted off DNA ends by SWI/SNF and RSC remodelers (6, 16, 17) and corresponds to relocating one end of DNA to an internal position on the nucleosome, $20 bp from the dyad, where the ATPase motors of remodelers engage nucleosomal DNA (48) (49) (50) .
These results indicate that the ATPase motor of Chd1 has an intrinsic ability to slide nucleosomes off the ends of DNA, but is normally limited by its DBD, which biases sliding towards longer stretches of extranucleosomal DNA. In agreement with others (27) , the dependence of the ATPase motor on the DBD provides a means for regulating the extent of nucleosome sliding based on the presence or availability of extranucleosomal DNA.
The Chd1-streptavidin fusion remodeler can disrupt the canonical nucleosomal wrapping of DNA around the histone core in dinucleosome substrates and chromatin arrays For SWI/SNF, the ability to slide nucleosomes into each other has been proposed to promote eviction of histone octamers (7) and is likely responsible for alternative histone-DNA structures with increased DNA accessibility and altered DNA topologies (51) (52) (53) . Given the similar abilities of Chd1[ÁDBD/+mSA] and SWI/SNF-type remodelers for sliding mononucleosomes off the ends of a DNA fragment, we sought to determine whether the Chd1-streptavidin fusion remodeler might also be disruptive to multi-nucleosome substrates.
Using a tandem 601-603 template, we generated dinucleosome substrates with non-biotinylated and biotinylated histone H2A and monitored nucleosome remodelling reactions by native PAGE. As expected, Chd1 ÁNC did not disrupt dinucleosomes (Supplementary Figure S4A) . Incubating non-biotinylated dinucleosomes with Chd1[ÁDBD/+mSA] and ATP did not produce any significant changes in migration patterns (Supplementary Figure S4B) , consistent with the fusion remodeler requiring a tethering point on the nucleosome for robust remodelling activity. In contrast, incubating H2A-biotinylated nucleosomes with Chd1[ÁDBD/ +mSA] and ATP produced several new species that migrated faster than dinucleosomes but slower than free DNA ( Figure 4A) . A similar pattern was observed when dinucleosomes were remodelled by yeast RSC (Figure 4B ), which resembled the previously reported dinucleosome remodelling by SWI/SNF (7). For SWI/SNF, the increase in migration speed was shown to correlate with a loss in histones, with the faster migrating band corresponding to mononucleosomes (7) . To evaluate whether Chd1[ÁDBD/+mSA] may also be transforming dinucleosomes into mononucleosomes, we compared the profile of the faster migrating species with two types of mononucleosomes. Similar to the strategy of Owen-Hughes and colleagues (23), we mixed histone octamers with the dinucleosome DNA template at different ratios to obtain free DNA, mononucleosomes and dinucleosomes. The faster migrating band observed with 0.5:1 and 1:1 octamer:DNA ratios, which we interpreted to be mononucleosomes, migrated at approximately the same position as the dinucleosome remodelling product generated by Chd1[ÁDBD/+mSA] ( Figure 4C , compare lanes 22 and 23 with 26 and 27). We additionally generated end-positioned mononucleosomes using just a single 601 positioning sequence and a DNA fragment corresponding to the same size as that used to make dinucleosomes. These mononucleosomes also migrated at the same rate as the remodelled dinucleosome product (compare lanes 27 and 28), further supporting the interpretation that Chd1[ÁDBD/+mSA] was transforming dinucleosomes into mononucleosomes.
The ejection of one histone core from dinucleosome substrates may have resulted from collisions between two neighbouring nucleosomes, movement of one nucleosome off a DNA end or some combination of the two.
Notably, Chd1[ÁDBD/+mSA] increased the amount of free DNA from both mono-and dinucleosome substrates containing biotinylated histones, but not mononucleosomes with biotinylated DNA (Figures 3B and 4A ; data not shown). The creation of free DNA is consistent with the idea that repositioning nucleosomes off the ends of DNA destabilizes the core. Indeed, destabilization of mononucleosomes has been observed for SWI/SNF-type remodelers, correlating with movement of nucleosomes past DNA ends (6, 54) . However, in addition to mononucleosome-sized species, Chd1[ÁDBD/+mSA] and RSC remodelers also produced a smear of slower migrating species from dinucleosome substrates, which were not observed with mononucleosome substrates. Although their precise nature is unclear, these species likely resulted from disrupted histones of the dinucleosome substrates. Unlike experiments with mononucleosome substrates, the experiments with dinucleosome substrates required salmon sperm DNA to visualize mononucleosome-sized species. Although generation of free histones is one source of aggregation, the persistence of the slower migrating smear of products in the presence of salmon sperm DNA suggests that these species may have resulted from partial exposure of histone surfaces, from unwrapping or alternative wrapping of DNA, that promoted association of other DNA molecules into larger molecular weight complexes.
To determine whether histone-DNA interactions could be disrupted without sliding off of DNA ends, we investigated how Chd1[ÁDBD/+mSA] affected chromatin pre-assembled onto plasmid DNA. Using salt dialysis, nucleosomes were reconstituted onto a closed circular 10-kb plasmid containing 34 copies of the 601 sequence in 208-bp tandem repeats. This chromatinized plasmid was incubated with either Chd1 ÁNC or Chd1[ÁDBD/+mSA] remodelers in the presence or absence of ATP, and nucleosome placement was monitored by HhaI restriction digestion ( Figure 5A ). The HhaI recognition sequence is located at the dyad of the 601 sequence, which blocks DNA cleavage. HhaI digestion of the naked DNA template revealed a ladder as expected for the 208-bp repeats, whereas the digestion of the chromatinized plasmid yielded little cleavage because of nucleosome protection. Addition of either Chd1 ÁNC or Chd1[ÁDBD/ +mSA] with HhaI resulted in a laddering pattern in an ATP-dependent manner, indicating significant reorganization of nucleosomes to expose the restriction sites.
The HhaI sensitivity on treatment with remodelers and ATP could have resulted from sliding and/or disruption of DNA wrapping around the histone core. To distinguish between these possibilities, a supercoiling assay was used ( Figure 5B ). In this assay, nucleosomal wrapping maintains negative supercoiling of DNA despite the presence of topoisomerase I. Consistent with previous studies (14) , the supercoiled state of plasmid DNA with pre-assembled chromatin was not affected by Chd1 ÁNC (lanes 31-36) , indicating that nucleosomes remained intact despite active repositioning that exposed HhaI sites. In contrast, Chd1[ÁDBD/+mSA] stimulated a loss of supercoiling in an ATP-dependent manner (compare lanes 38 and 39 with 41 and 42). This loss in supercoiling was dependent on having nucleosomes with biotinylated histones (data not shown), indicating that relaxation of the plasmid was not simply due to ATP-dependent DNA nicking.
To better observe the relaxed topoisomers, we preassembled nucleosomes onto a smaller, 3-kb plasmid, which contained a single 601 sequence. Treatment of this chromatinized plasmid with Chd1[ÁDBD/+mSA] and ATP yielded a pattern of relaxed topoisomers that resembled free plasmid in the presence of topoisomerase I ( Figure 5C, lanes 62-63) . In the supercoiling reactions, a significant fraction of the template was nicked, making it difficult to estimate the extent that relaxed topoisomers were generated. Supercoiling was therefore examined in the presence of chloroquine, a DNA intercalator that relaxes negatively supercoiled DNA and positively supercoils relaxed (but not nicked) plasmids ( Figure 5D ). In the presence of chloroquine, Chd1[ÁDBD/+mSA] produced supercoiled species with the same migration as relaxed 25 plasmid DNA (compare lanes 69 and 77 with 87 and 88), confirming that the remodeler was effectively disrupting the negative supercoils stabilized by nucleosomes. For comparison, we also assembled chromatin with varying histone:DNA ratios (0.1:1.0-1.3:1.0; lanes 45-50, 70-75; data not shown). For these samples, only histone:DNA ratios <0.4:1.0 showed significant levels of relaxed plasmid, suggesting that a significant fraction of nucleosomes were disrupted by Chd1[ÁDBD/+mSA].
Disruption of negative supercoiling for closed circular plasmids containing chromatin is a hallmark of SWI/ SNF-type remodelers (51, 55, 56) . Although SWI/SNF has been shown to catalyse the transfer of histones from chromatin to acceptor DNA (6, 19, 20) , changes in plasmid topology do not require histone removal, but instead, can reflect nucleosome reorganization into kinetically trapped states (21, 53) . These alternative structures, called altosomes, slowly revert back over time to negatively supercoiled states, and thus indicate recovery of nucleosome-like wrapping of DNA. To see whether Chd1[ÁDBD/+mSA] also generated altosome-like structures, we looked for changes in plasmid topology after stopping remodelling activity. As Chd1[ÁDBD/+mSA] was dependent on biotinylated substrates, we used excess biotin to stop remodelling activity, which effectively blocked changes in supercoiling when added before initiating the remodelling reactions (lanes 64 and 89). After stopping with biotin, the changes in plasmid topology from 1 h treatment with Chd1[ÁDBD/+mSA] seemed to slowly reverse, resulting in recovery of negative supercoiling (compare lanes 66 and 67 with 65) concomitant with loss of relaxed topology as detected by chloroquine-induced positive supercoiling (compare lanes 91 and 92 with 90). To confirm the changes in distribution of supercoiled species, we analysed samples with 2D agarose gel electrophoresis ( Figure 5E ). For these experiments, running plasmid DNA samples in the first and second dimensions in the absence and presence of chloroquine, respectively, separated nicked plasmid from relaxed and negatively supercoiled DNA, distributed in an arcing pattern. As shown in the right panels of Figure 5E , remodelling by Chd1[ÁDBD/+mSA] caused a significant fraction of the chromatin to migrate as relaxed plasmid (top right panel), and a 6 h incubation after addition of biotin changed the distribution of topoisomers back to predominantly a negatively supercoiled state (bottom right panel). Although plasmid nicking reduced the amounts of closed circular plasmid at long incubations, the redistribution towards supercoiled plasmids was suggestive that altosome-like structures were produced by Chd1 [ Figure 5B-D) . Chd1 is known for preferentially shifting nucleosomes away from DNA ends or other nucleosomes, resulting in centred mononucleosomes and evenly spaced nucleosome arrays (14, 27, 33) . This preference for moving nucleosomes away from each other is consistent with an inability to disrupt histones via collisions. Chd1 [ÁDBD] does not slide nucleosomes directionally (33), yet nucleosome disrupting activity was not apparent. As fusion of streptavidin onto Chd1[ÁDBD] conveyed biotin-dependent, histone disruptive properties, the significantly lower affinity and transient interactions of Chd1[ÁDBD] with nucleosome substrates must have been insufficient for shifting nucleosomes into each other in the experiments presented here. Taken together, these experiments suggest that, although the naturally disruptive remodelers, such as SWI/SNF and RSC, presumably have specialized domains to aid in histone displacement (7, 57) , disrupting canonical histone-DNA interactions can be achieved simply by tethering a remodeler to nucleosomes independently of DNA flanking the nucleosome core.
CONCLUSIONS
A central conclusion of the work presented here is that a nucleosome-binding domain can guide the outcome of the remodelling reaction without specific contacts with the ATPase motor. Using the Chd1-streptavidin fusion remodeler, we show that the outcomes of remodelling reactions were determined by the manner in which the remodeler was tethered to the nucleosome substrate. When tethered via biotinylated DNA, Chd1[ÁDBD/ +mSA] shifted nucleosomes towards its binding site, which resulted in burial and an apparent reduction in affinity towards the biotinylated site (Figure 2) . In contrast, when tethered via biotinylated histones, Chd1[ÁDBD/+mSA] robustly shifted nucleosomes off the ends of DNA (Figure 3 ) and, presumably through nucleosome collisions, disrupted canonical histone-DNA interactions in nucleosome arrays ( Figure 5 ). These dramatic differences revealed that the outcome of nucleosome sliding depends on whether remodeler affinity changes during the course of the reaction. With a dependence on DNA flanking the nucleosome for binding, affinity and, therefore, activity decreased as the binding site became buried by the nucleosome. Tethering the remodeler in a DNA-independent manner, in contrast, allowed the remodeler to continue sliding nucleosomes even when free DNA was no longer available outside the nucleosome core.
Basic classifications of remodelers as organizing or disruptive seem to correlate with whether a remodeler is sensitive to DNA outside the nucleosome. For the natural Chd1 remodeler, tethering depends on a sequence non-specific DNA-binding domain. Like Iswi, this DNA-binding domain promotes directional sliding towards longer available segments of DNA flanking the nucleosome, which shortens the length of DNA bound by the DNA-binding domain (25) (26) (27) . Sensitivity of the DNA-binding domain to DNA length, therefore, provides a natural feedback mechanism for Chd1 and Iswi-type remodelers that guards against shifting nucleosomes into their neighbours. Alternatively, the insensitivity of SWI/SNF and RSC remodelers for extranucleosomal DNA implies that they depend more strongly on histone-interacting domains, which could continue binding as nucleosomes are shifted close to and into the territories of their neighbours. Interestingly, a monomeric remodeler closely related to Chd1 called ALC1 (for amplified in liver cancer 1, also known as CHD1L) contains a C-terminal macrodomain that recognizes poly-ADP ribose chains instead of a DNA-binding domain (58, 59) . Although the fates of polynucleosome templates remodelled by ALC1 have not been reported, tethering via a macrodomain rather than a DNA-binding domain may allow the remodeller to disrupt histone-DNA contacts, consistent with a role in facilitating DNA repair at damaged sites (59, 60) .
The data presented here also restrict potential mechanisms for how nucleosomes are shifted by remodelers. Previously, it was suggested that different families of remodelers used distinct mechanisms of sliding nucleosomes to account for their unique biochemical properties. For Chd1 and Iswi-type remodelers, which rely on a DBD for recognizing extranucleosomal DNA, the DBD has been proposed to mechanically help the ATPase motor shift DNA past the histone core (29, 50, 61) . We found that Chd1[ÁDBD/+mSA] shifted nucleosomes whether tethered through biotinylated DNA or histones. Thus, although the native Chd1 DBD increases the efficiency of sliding, it seems unlikely to mechanically participate in shifting DNA past the histone core. Instead, our results support a model for nucleosome sliding based on translocation of the ATPase motor. Like SWI/SNF-type remodelers, Chd1[ÁDBD/+mSA] can shift the ends of DNA $20 bp from the nucleosome dyad, which supports the idea that the ATPase motor shifts DNA past the histone core by translocating at this internal site (48) (49) (50) . Although a detailed mechanism underlying nucleosome sliding is not presently clear, the biochemical similarities of Chd1[ÁDBD/+mSA] with SWI/SNF-type remodelers suggest that these ATPase motors likely use a common strategy for sliding nucleosomes along DNA.
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